Multiple drug resistance (MDR) in yeast is effected by two major superfamilies of membrane transporters: the major facilitator superfamily (MFS) and the ATP-binding cassette (ABC) superfamily. In the present work, we investigated the cellular responses to disruptions in both MFS (by deleting the transporter gene, QDR3) and ABC (by deleting the gene for the Pdr3 transcription factor) transporter systems by growing diploid homozygous deletion yeast strains in glucose-or ammonium-limited continuous cultures. The transcriptome and the metabolome profiles of these strains, as well as the flux distributions in the optimal solution space, reveal novel insights into the underlying mechanisms of action of QDR3 and PDR3. Our results show how cells rearrange their metabolism to cope with the problems that arise from the loss of these drug-resistance genes, which likely evolved to combat chemical attack from bacterial or fungal competitors. This is achieved through the accumulation of intracellular glucose, glycerol, and inorganic phosphate, as well as by repurposing genes that are known to function in other parts of metabolism in order to minimise the effects of toxic compounds.
Introduction
The major metabolic pathways, as well as the pathways for DNA repair and cell cycle control, are highly conserved throughout the eukaryotic kingdom. 1 Hence, the functional and structural similarities between the cells of fungal pathogens and those of their human hosts make the treatment of fungal infections much harder, and the development of novel therapies much slower, than has been the case for bacterial infections through the use of antibiotics. The obstacles presented in treating a fungal infection are comparable to the specificity challenges that are faced in the treatment of cancers. 2 Populations of pathogenic fungi adapt to the presence of antifungal drugs by switching on general resistance mechanisms 3 that are also used to deal with harmful chemicals in their environment. Interestingly, adaptations to chemical insults are similar between fungi and those observed in patients that develop resistance to chemotherapeutic agents, indicating that such mechanisms are highly conserved. In both fungi and humans, increases in the activity of cellular multidrug efflux pumps may be involved in resistance mechanisms. 2, 3 Such adaptations limit the therapeutic potential of both anti-fungal and anti-tumour drugs. 4 Thus, preventing the development of drug resistance via efflux would result in more efficient uptake and utilization of drugs. The similarity of yeast's drug resistance mechanisms to those of humans makes it an ideal model with which to study these phenomena, and several studies have been conducted where S. cerevisiae is used as a model organism for the identification of novel mechanisms of resistance. [4] [5] [6] [7] Multidrug resistance (MDR) in S. cerevisiae is mediated by efflux pumps that belong to two major super-families of membrane transporters: the major facilitator super-family (MFS) and the ATP-binding cassette (ABC) super-family. 8 In Saccharomyces cerevisiae, the MFS consists of the proton-coupled multidrug efflux system. 9 Most of the 23 genes of this system are thought to be involved in multidrug resistance and their protein products contain either 12 or 14 predicted membrane-spanning segments and, on this basis, they are divided, respectively, into the DHA1 and DHA2 sub-families.
of quinine) and to the carbamate herbicide, barban. 9, 11 Qdr2p also confers resistance to quinidine and barban, as well as to the anti-cancer agents, bleomycin and cisplatin. 10, 11 The range of compounds to which Qdr3p confers resistance is very similar to that of Qdr2p, the gene conferring resistance to a range of inhibitory compounds that are structurally and functionally unrelated, including the anti-malarial and anti-arrhythmic drug quinidine, barban, and the anti-cancer drugs cisplatin and bleomycin. 11 Recent reports proposed a novel role for Qdr3p in polyamine homeostasis, specifically in that of spermine and spermidine but not of putrescine, through the maintenance of plasma membrane potentials. This contrasted with what was observed for Qdr2p, which conferred resistance to all three polyamines and this role was found to be associated with K + homeostasis. The inability of QDR3 expression to rescue qdr2D strains from polyamine susceptibility was reported, suggesting different roles for the two transporters in conferring polyamine stress tolerance.
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The ABC super-family of MDR proteins includes transporters as well as the transcription factors that regulate them. ABC transporters utilize ATP hydrolysis to drive drug extrusion. 9 Of the 30 genes encoding the ABC proteins in yeast, the ones involved in the facilitation of pleiotropic drug resistance (PDR) are very similar to the multidrug resistance routes that occur in mammalian cells, parasites, fungal pathogens, and bacteria. The PDR sub-family is the largest and best-characterized ABC sub-family in S. cerevisiae, consisting of transporter genes as well as transcription factors binding to the pleiotropic drug response elements (PDRE) on their target genes. 13, 14 Pdr1p and Pdr3p are the transcriptional regulators of the ABC transporter genes and neither is directly responsible for drug resistance. 15 Pdr1p and Pdr3p take interchangeable roles in regulating the expression of genes with PDRE sites in their promoter regions; among these, it is PDR5 that encodes the transporter which is primarily responsible for the efflux of drugs from the cell. However, Pdr3p is also involved in the transport of retrograde signals from mitochondria to elevate the level of PDR5 transcription. 16 Recent studies suggest a respiratory deficiency of qdr3D/ qdr3D null mutants under glucose-depletion. 17 Such a phenotype was not observed in either qdr1D or qdr2D mutants, indicating a wider role for Qdr3p, possibly involving mitochondrial functions. The present study aims to investigate how the respiratory involvement of a drug transporter gene, QDR3, might affect the cell's stress-dependent metabolic changes. To assess QDR3's wider roles or functions in metabolism, a homozygous diploid qdr3D/qdr3D deletion mutant was grown in glucose-or ammonium-limited continuous cultures since this mutant was previously reported to display conditional respiratory deficiency. The prospect of a respiratory involvement for QDR3 led the study further to include PDR3, another drug-resistance gene, in the analysis owing to the tight link between mitochondrial activity and PDR activity as previously reported. 16 Transcriptome and metabolome data, as well as the flux distributions representing the optimum metabolic solution space yielding the presented phenotype, were therefore determined for qdr3D/qdr3D, and pdr3D/pdr3D, as well as for hoD/hoD, with the aim of understanding the involvement of these genes in mitochondrial and/or respiratory activity. Drugs, and other xenobiotic compounds, have appeared during historical, rather than evolutionary, time. Therefore these export pumps have most likely evolved to allow yeast to cope with antibiotics or other toxic compounds produced by plants or competing microorganisms. Previous studies have focused on the drug and chemical resistance characteristics associated with proteins of the MDR family. [9] [10] [11] [12] Rather less attention has been paid to a system-based investigation of the roles of these proteins. We believe this to be the first integrative study to suggest additional and wider roles for the members of the MDR and PDR families.
Results and discussion
The responses to genetic perturbations resulting from the deletion of the QDR3 or PDR3 genes (which encode, respectively an MDR transporter and a transcription factor regulating the expression of genes encoding ABC transporters) were investigated using a systems-based integrative approach. Homozygous diploid deletion mutants of the QDR3, PDR3 and HO genes were grown at a constant growth rate of 0.1 h À1 in glucose-or ammonium-limited continuous cultures. Transcriptome, endo-and exo-metabolome profiles at steady state, as well as the distribution of the fluxes in the optimized solution space, were studied to elucidate the different metabolic routes that may relate to either the specific responsibilities of Qdr3p in multiple drug resistance or to a possible wider role in metabolic homeostasis as an extension of its nutrition-specific involvement in respiratory function. Therefore the response of these MDR gene deletants to different nutrient limitations was monitored in an attempt to clarify the involvement of these genes at the wider metabolic level, and to determine how the cell copes with the loss of these major detoxification effectors (ESI 1 †).
Intracellular metabolite accumulation to cope with the loss of drug resistance genes
In order to investigate how the cell's metabolism responds to cope with the loss of these drug resistance genes, which are involved in major mechanisms of cellular detoxification, the changes in the intracellular metabolite and transcriptome levels (ESI 2-4 †) of the mutant cells were analysed and the data were integrated with the optimal flux distributions determined in silico (ESI 5 †). The reaction fluxes in the metabolic pathways were best predicted in comparison to the experimentally determined transport fluxes through the maximization of the oxygen uptake in glucose-limited fermentations and of ethanol production in ammonium-limited fermentations (which had non-limiting concentrations of glucose in the extracellular environment). In contrast to our in silico predictions, we observed a higher intracellular glucose concentration in qdr3D/qdr3D null mutants when compared to wild-type levels, irrespective of the nutrient availability. This intracellular glucose accumulation was not accompanied by any significant changes in the expression levels of genes involved in the glucose-sensing, glucoserepression, glycolytic, or storage carbohydrate pathways, nor in the GPR/PKA cAMP pathways. However, HXT3, which encodes a low-affinity hexose transporter, was overexpressed in qdr3 mutants when glucose was abundant. Although this glucose transporter was reported to have induced expression levels at both low and high glucose concentrations, the qdr3 deletion reduced its expression under glucose limitation. Conversely, the expression levels of the high-affinity glucose transporter genes (HXT2, HXT4, and HXT7) were co-ordinately regulated and significantly higher under glucose limitation. In fact, it was previously reported that any one of HXT2, HXT6 or HXT7 would enable growth on 0.1% glucose.
18 HXT2 expression was observed to be high in qdr3D/qdr3D mutants growing on 0.2% glucose whereas HXT7 expression was high in pdr3D/pdr3D mutants under the same condition. Although HXT8 expression was reported to be induced at low levels of glucose and to be repressed to various degrees by glucose, 18 we observed that its expression was repressed in the absence of QDR3 under glucose limitation and induced during glucose abundance for either genetic manipulation. Previous reports indicated that the intracellular glucose concentration was very low when the extracellular glucose concentration was at or below the K m of the transport system. 19 On the other hand, glucose was accumulated in the cell when the extracellular glucose concentration was higher than could be handled by the transport system. 19 Based on this information, it could be suggested that the loss of drug transporter genes had changed the cell's ability to perceive the extracellular glucose concentration or regulate the expression of its repertoire of genes for hexose transporters. Previous reports indicated that HXT9 and HXT11 acted as MFS drug transporters in yeast 18 and that these transporters were also acting in concert with the PDR system. 20 Cells may increase the rate of facilitated glucose diffusion via the hexose transporters, by increasing their expression levels, in order to overcome the susceptibility of these drug-sensitive mutants in the case of any possible encounter with toxic compounds. Similar mechanisms were reported in mammalian cell lines, and possible roles proposed for facilitative hexose transporters in the development of drug resistance ( Fig. 1 ). 21 We observe that the transcription of genes encoding enzymes in the glycolytic pathway was slightly down-regulated in qdr3D/qdr3D mutants grown under glucose limitation and in pdr3D/pdr3D mutants grown under ammonium limitation. In both cases, this was accompanied by high levels of intracellular and extracellular inorganic phosphate. Previous reports indicated a rapid decrease in ATP and inorganic phosphate pools upon accumulation of phosphorylated glucose in the cell, consistent with the presence of a control mechanism over glycolysis by the intracellular, as well as extracellular, inorganic phosphate levels. However, the intracellular accumulation of phosphate and phosphorylation of glucose may be an indirect effect since a high concentration of phosphate does not, in itself, lead to phosphorylation of intracellular glucose.
The glycerol production and glycolytic pathways are linked to each other 22 as glycerol synthesis liberates inorganic phosphate, thus rescuing a limitation on glycolysis. 23 The intracellular glycerol accumulation and accompanying high levels of inorganic phosphate that we observed would indicate that the reduction in expression of the glycolytic pathway genes was caused by the cells' preference for accumulating unphosphorylated glucose in order to rescue the lost drug resistance function, rather than a requirement for keeping the glycolytic route accessible (Fig. 2) . The proposed equilibrium between intracellular glucose, inorganic phosphate, and glycerol levels was further investigated taking into consideration other pathways and mechanisms leading to the production or degradation of glycerol as well as the transport routes.
Glycerol accumulates in yeast under stress conditions. 24 The high osmolarity glycerol (HOG) pathway is one of the major effectors of osmoregulation and many genes regulated by this signalling cascade were reported to control the carbon flux in the glycolytic pathway for glycerol synthesis and reduced growth. 25, 26 However, in the present study, the expression level of the genes in the HOG signalling cascade was unaffected by either qdr3 or pdr3 deletions. Previous reports indicated that, although the intracellular accumulation of glycerol is essential for survival under hyperosmotic stress, a response at the gene expression level is not essential since adaptation that occurs solely at the level of the metabolic network can rescue yeast from osmotic stress. 27 The changes in the expression levels of the genes in the metabolic network associated with the production, degradation or transport of glycerol were further investigated. The expression Fig. 1 Alterations in the glucose metabolic processes in the absence of drug-resistance genes. The accumulation of glucose in response to the loss of resistance genes was shown to stem from the hexose transport system at the gene expression level rather than the glucose sensing, signalling, glycolysis, storage carbohydrates mechanisms, or the GPR/ PKA cAMP pathway. A preferential selection of hexose transporters could be identified. The functioning of HXT8 was altered in response to loss of drug-resistance ability, whereas the gates encoded by HXT9 and HXT11 were opened to suppress the sensitivity to drugs induced by the loss of QDR3 and PDR3. Chevrons indicate the indirect effect that HXT9 and HXT11 have as MFS drug transporters. levels of the genes specifying proteins that transport glycerol into the cell also remained unchanged, whereas an up-regulation of RHR2 and HOR2 in the downstream path of the main glycerol biosynthetic pathway was observed. Glycerol production, as a by-product of cardiolipin biosynthesis, was reduced via the down-regulation of CRD1 (the gene encoding cardiolipin synthase), in both cases. Although the expression levels of both GUT1 and GUT2 were increased in response to glucose limitation in qdr3D/qdr3D, the down-regulation of GCY1 in an alternative pathway for glycerol catabolism indicated that the glycerol degradation pathway was not completely active and high intracellular glycerol levels were thus maintained in the organism. In all other cases, the gene expression levels of the enzymes involved in glycerol catabolism were reduced. Although the expression level of FPS1, the glycerol uptake and efflux mediator gated by changes in osmolarity, remained unchanged in both cases. A close homolog, YFL054c, mediating glycerol entry, was up-regulated under glucose limitation when there was only an incremental accumulation of glycerol in the extracellular environment. 28 The Fps1p channel was previously Fig. 2 Different mechanisms involved in the production, degradation and transport of glycerol for qdr3D/qdrD and pdr3D/pdrD under glucose or ammonium limitation and the equilibrium between intracellular glucose, inorganic phosphate, and glycerol levels and transcriptional changes in the glycolytic pathway relating the balance between these metabolites. Green denotes a significant increase in the expression level of transcripts, metabolites or fluxes in the indicated pathways with respect to their corresponding wild-type values and red denotes a similar decrease. If no information was available, or the values remained constant, the relevant items are indicated in blue. GOH = glycerol.
reported to mediate the uptake of arsenite and antimonite in yeast 29 and the preferential up-regulation of YFL054c, rather than FPS1, for the uptake of glycerol might indicate that, under the stated conditions, the cells might thus be trying to protect themselves from the risk of importing toxic compounds in the absence of a specific drug efflux pump; Qdr3p or those controlled by the facilitated drug transport regulator, Pdr3p (Fig. 2) . The expression of genes for the glycolytic pathway enzymes remained unchanged under ammonium limitation for qdr3D/ qdr3D and under glucose limitation for pdr3D/pdr3D. In both cases, this was accompanied by low levels of intracellular and extracellular inorganic phosphate.
For qdr3D/qdr3D, there was no intracellular glycerol accumulation and the extracellular glycerol concentration was considerably higher under ammonium limitation, in contrast to the case under glucose limitation. Consequently, YFL054c was expressed less under ammonium limitation since it encodes a low-affinity glycerol transporter. 28 YFL054c expression was previously reported to be more prone to ethanol stimulation 28 and the glucose abundance might have caused the qdr3/qdr3 deletants to switch their metabolism towards fermentation and the production of ethanol, as previously observed. 17 The outcome may be that this condition is the only case in which a significant increase in the expression of YFL054c was not observed (Fig. 2) . The intracellular and extracellular glycerol levels in the cell (as well as the expression levels of the genes involved in their transport, degradation, or release as a by-product of cardiolipin in phospholipid biosynthesis) display similar characteristics for either qdr3D/qdr3D or pdr3D/pdr3D under glucose limitation. RHR2 and HOR2, the downstream genes in glycerol biosynthesis, were down-regulated under glucose limitation in pdr3D/pdr3D. The mutant lacking the PDR3 gene suffered a depletion of the intracellular phosphate pool as well as the extracellular inorganic phosphate available under glucose limitation, as was the case for qdr3D/qdr3D under ammonium limitation (Fig. 2) .
Furthermore, the metabolomics data provided no indication of diminishing or increasing extracellular glucose or glycerol levels during the intracellular accumulation of glucose and glycerol in drug-resistance gene mutants. This rules out the possibility that the MFS-MDR transporter Qdr3p or the transcriptional activator Pdr3p mediate (either directly or indirectly) the excretion or influx of these metabolites (ESI 4 †). A slight accumulation of long-chain fatty acids was observed in the pdr3D/pdr3D diploid under ammonium limitation, suggesting the transcriptional activator's regulatory role on PDR transporters that appear to control membrane composition (ESI 4 †). These observations at the metabolic level suggest that yeast perceives the loss of the QDR3 or PDR3 genes and the consequent reduction in detoxification ability as a potential threat to survival and prepares its metabolism accordingly by the intracellular accumulation of glucose and glycerol as well as the maintenance of the pool of inorganic phosphate.
The substrate specificity of the Qdr3 transporter and Pdr3 activator in this cellular protection mechanism was further and the osmolarity regulator, sorbitol. The growth of the mutants on glucose or glycerol as the carbon source was monitored in micro-aerated or aerated batch cultures. The growth of the drug-sensitive deletants was not statistically different from that of control at a significance level of p = 0.05. The growth rate of the mutant cells was not reduced, ruling out the possibility that the loss of these drug-resistance genes affected the transport of the tested substances as additional substrates. Although the loss of the QDR3 transporter gene did result in a copper-sensitive phenotype, a recent report proposed copper as the main physiological substrate of Qdr2p, a close homolog of Qdr3p. While the copper uptake mechanism was not affected in the absence of QDR2, its extrusion was impaired -rendering the cells sensitive in the absence of QDR2.
The function of Qdr2p in copper homeostasis was used to explain its role in oxidative stress response. 30 These results indicated that the drug-sensitive mutants were observed to be significantly more resistant to the presence of osmotic stress that was created specifically by high extracellular glycerol concentrations ( p-value o 0.005) but not by other osmotic stressors such as sorbitol or high ion concentrations (ESI 6 †).
Maintaining high intracellular osmotic pressure to sustain growth rates in the absence of drug-resistance genes
The capability of qdr3D/qdr3D, and pdr3D/pdr3D to accumulate intracellular glycerol and unphosphorylated glucose while maintaining an available inorganic phosphate ion pool raised the possibility that these cells could be using this metabolic rearrangement to prepare a metabolic defence mechanism in anticipation of a possible chemical attack. In order to test this hypothesis, the mutants were grown in a micro-aerated environment under ammonium or glucose limitation with 10% NaCl or 1 M sorbitol present as the ionic and anionic osmotic stress inducers. At the stationary phase of population growth, the cells were then transferred into fresh media with a cocktail of barban, bleomycin, cisplatin and quinidine, all of which were previously reported to be exported from the cell by Qdr3p. The osmotic stress was removed from one set of samples and was maintained in another set at the same time that the drugs were introduced. The cells were allowed to grow for at least 24 hours in each environment in order to achieve maximum growth yield. The stationary phase cell concentration (as OD 600 ) was then measured for each culture.
Growth (OD 600 ) was impaired significantly with respect to control in the absence of QDR3 or PDR3 under either nutrient limitation ( p-value o 0.05). The addition of 10% NaCl impaired growth in all cell types under either glucose or ammonium limitation compared to their control growth profiles. However, in the presence of NaCl, the growth of the deletants was similar to that of the control. The growth of hoD/hoD control strain was lower in presence of 1 M sorbitol in the medium, whereas the growth of the qdr3D/qdr3D or pdr3D/pdr3D deletants was not significantly different. Similar to the observations in the presence of NaCl, the growth of the deletants were not significantly different from that of the control strain in the presence of sorbitol (Fig. 3 and Table 1 ). These results indicated that both the ionic (NaCl) and the anionic (sorbitol) sources of osmotic stress impaired the growth of the control strain more severely than that of the deletants, confirming the notion that the rearrangement of metabolism in the deletants may have a protective effect.
Placing the cells grown in the control culture in fresh control medium without introducing the drug cocktail or any osmotic stress caused the drug-sensitive deletants to recover from their growth deficiency under ammonium limitation whereas these mutants still displayed impaired growth in comparison to the wild type under glucose limitation. The presence or the absence of the drug cocktail, NaCl, sorbitol or combinations of these chemicals altered the growth significantly in comparison to the growth achieved in the control environment ( p-value o 0.05) regardless of the strain type or nutrient limitation. Although the presence of drugs impaired growth in all strains, the drugresistance gene mutants; qdr3D/qdr3D and pdr3D/pdr3D were affected significantly more severely.
Transferring the cells grown in 10% NaCl into fresh medium containing 10% NaCl followed by the introduction of the drug cocktail was a severe challenge to the cells and no additional Fig. 3 Population growth significance matrices pre-(A) and post-treatment (B) with drug cocktail. The significance of the differences in growth (measured as OD 600 ) were evaluated based on replicate measurements under each specific condition using a significance threshold of a = 0.05. hoD/ hoD, qdr3D/qdrD and pdr3D/pdrD were grown in microaerobic conditions under glucose or ammonium limitation. +NaCl and +sorbitol denote the presence of 10% NaCl or 1 M sorbitol in the medium, respectively, while -NaCl and Àsorbitol denote that the fresh medium that the cells were transferred into was devoid of the osmotic stress constituent. The presence of drug treatment was denoted as +drug. The significant differences are highlighted in green and those identified to be insignificant were highlighted in red. (Table 1 and Fig. 3 ). An interesting observation was that the final biomass concentration of the drug-sensitive deletants in the untreated control cultures as well as those cultures treated only with the drug cocktail was lower than that of control under glucose limitation. Conditioning the cells by inducing osmotic stress using 10% NaCl or sorbitol followed by the removal of this stress prior to the injection of the drug cocktail recovered the growth rates of the drug-sensitive deletants to that of the control strain. A similar situation was observed under ammonium limitation regarding the osmotic stress induced by NaCl. In the case of sorbitol, if this sugar alcohol was still present during drug treatment, the pdr3D/pdr3D cells showed a degree of drug tolerance at least equivalent to that of the control cells. In contrast, when sorbitol was removed prior to the addition of the drug cocktail, then both the qdr3D/qdr3D and pdr3D/pdr3D cultures showed a higher tolerance to the drug culture than did the control cells subjected to the same regime. The findings indicated a more severe response to drug treatment in the absence of QDR3 under all investigated conditions. These results imply that, in glucose-limited conditions, the high internal glycerol concentrations found in the drug-sensitive mutants can replace, to a marked extent, the protective effect against toxic chemicals of an externally added osmoticum.
Materials and methods

Strains, growth conditions and sampling
Three homozygous single-gene deletion mutants:
-hoD::kanMX4/hoD::kanMX4, -qdr3D::kanMX4/qdr3D::kanMX4, and -pdr3D::kanMX4/pdr3D::kanMX4 of diploid BY4743 (MATa/MATa his3D/his3D leu2D/leu2D LYS2/ lys2D MET15/met15D ura3D/ura3D 31 ) were cultivated in 2 L fermenters (Applikon s ) with 1 L working volume under aerobic conditions in glucose-or ammonium-limited F1 media 32 in chemostat mode at a dilution rate of 0.1 h À1 . Temperature and pH were controlled to 30 1C and pH 4.5, respectively. Fermenters were stirred at 800 rpm which, together with constant air flow at a rate of 0.1 vvm, provided dissolved oxygen at Z80% dO 2 saturation at all times during cultivation. Samples for transcriptome, endo-and exo-metabolome analyses were taken at steady state (i.e. following at least 5 residence times of continuous cultivation). Biomass was determined at the steady states gravimetrically. Four homozygous single deletion mutants: -hoD::kanMX4/hoD::kanMX4, -qdr3D::kanMX4/qdr3D::kanMX4, -pdr3D::kanMX4/pdr3D::kanMX4, of diploid BY4743 (MATa/MATa his3D/his3D leu2D/leu2D LYS2/ lys2D MET15/met15D ura3D/ura3D 31 ) were used in the drug screens. 96-well plates having F1 medium with dextrose (2% (w/v)) or glycerol (3% (v/v)) as the carbon source were used in metal ion excess and deficiency screening tests. Na
3+ , Co 2+ , Se 4+ , Cu 2+ and Zn 2+ concentrations were 0.05 mM, Mg 2+ concentration was 11 mM. Acidity-alkalinity-osmolarity screens were carried out in vented and non-vented culture flasks in YPD or YPG medium (2% (w/v) peptone, 1% (w/v) yeast extract, 2% dextrose (w/v) or 3% (v/v) glycerol). Sorbitol and glycerol concentrations were maintained at 2 M and for the acids and bases the concentration was maintained at 0.5% (v/v). Growth was monitored via optical density measurements at 600 nm in all phenotypic screens (ESI 6 †).
Growth profiling under different osmotic pressure and drug treatment regimes
Single colonies from YPD-agar plates were inoculated into 5 ml pre-cultures grown in YPD. Glucose-and ammonium-limited cultures were inoculated from overnight grown pre-cultures normalizing the growth of different cell types (50 ml hoD/hoD equivalent into 5 ml culture volume in 50 ml conical tubes). 10% NaCl or 1 M sorbitol was used to induce osmotic stress. The cultures were allowed to grow until they reached the stationary phase and the optical density (OD 600 ) values were recorded. The medium was discarded following centrifugation at 3000 rcf for 10 minutes. The cells were re-suspended in fresh medium and a drug cocktail of barban (0.01 mM), bleomycin (25 mg ml À1 ), cisplatin (20 mg ml À1 ) and quinidine (3 mM) was introduced at their indicated working concentrations. The optical density (OD 600 ) values were recorded at the new stationary phase. The chemicals in the drug cocktail were purchased from Sigma with the following catalogue numbers: barban analytical standard (Supelco) (PS540), bleomycin sulphate from Streptomyces verticillus (B5507), crystalline cis-diammineplatinum(II) chloride (P4394), and quinidine anhydrous (Q3625).
Transcriptome sampling RNA isolation and transcriptome analysis
Culture sampling and RNA extraction were performed as described previously. 33 Total RNA was qualitatively assessed on an Agilent 2100 Bioanalyser (Agilent Technologies) and quantified using Nanodrop ultra-low-volume spectrophotometer (Nanodrop Technologies). cDNA was synthesized, and double-stranded cDNA was retrieved from ca. 15 mg of total RNA as described in the Affymetrix GeneChip s Expression Analysis
Technical Manual, using appropriate kits. cDNA was checked for quality using the Agilent 2100 Bioanalyser and was quantified using Nanodrop. Biotin-labelled cRNA was synthesized and purified using clean-up kits and then quantified, using the Nanodrop spectrophotometer, before hybridization. Hybridization and loading onto Affymetrix Yeast2 arrays were carried out as described in the GeneChip s Expression Analysis Technical Manual. The chips were then loaded into a Fluidics station for washing and staining using Microarray Suite 5 with EukGe W S2v4 programme. Lastly, the chips were loaded onto the Agilent GeneArray scanner 2500 and another quality check was performed using Microarray Suite 5.
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Data acquisition and analysis
The raw microarray data files were assessed, using dChip software, for outliers at the array level as well as at the probeset level. 35 RMA Express software was then used to normalize the data. 36 The data were log 2 transformed prior to analysis. In compliance with MIAME guidelines, 37 the microarray data from this study has been submitted to ArrayExpress at the European Bioinformatics Institute under accession number [E-MTAB-707].
The significance of the differences in expression levels under various conditions were evaluated using the paired two tail Student's t-test using a threshold of p o 0.05. A minimum of 1.5-fold change difference was ensured between different conditions in order to reduce the chance of false discoveries. Hierarchical Clustering Explorer (HCE) 3.0 38 was used to cluster genes with similar expression patterns. The significantly enriched functional categories and the process ontology terms of the genes falling into the same cluster were determined with AmiGO Term Finder tool 39 using background correction based on hypergeometric distribution. The threshold p-value was selected as 0.05. A transcription factor (TF) list was compiled and the transcriptional regulatory network (TRN) was reconstructed using three sources; YEASTRACT, 40, 41 Lee et al. 2002, 42 and Luscombe et al., 2004. 43 The list of differentially expressed transcripts and key transcription factors are provided in ESI 2. † The p-value for each transcript was obtained by a paired t-test between the drug-resistance gene deletants and the wild type. The size of the TRN was reduced by excluding the genes for which no expression data were available. Key transcription factors were determined for each deletion case using the reporter features algorithm. 44 Transcription factors whose changes were significant at a p-value less than 0.05 were defined as ''key''. Perturbation-responsive sub-networks (PRSs) were reconstructed and visualized via Cytoscape 2.8.2.
45,46
The significant enrichment (p-value o 0.05) of process gene ontology (GO) terms in the perturbation-responsive sub-networks was determined using AmiGO (ESI 3 †). 39 
Metabolomic procedures
For metabolic footprinting or exo-metabolomics, 1 ml samples were withdrawn from the fermentation broth onto ice and centrifuged at 4 1C at 14 000 rpm for 4 minutes. 47 The supernatant was stored at À80 1C until analysis. For metabolic fingerprinting, 5 ml of sample was rapidly quenched in 60% (v/v) methanol buffered with tricine at À50 1C and the endometabolites were extracted in 75% (v/v) boiling ethanol buffered with tricine at 80 1C as described. 48 The vacuum-dried samples were stored at À80 1C until analysis. For both metabolic footprinting and fingerprinting, derivatization and identification of peaks via GC-ToF-MS were performed as described. 49 A total of 54 unique metabolites were semiquantitatively identified in the analysis among the 118 peaks that were detected. The samples for GC-MS analysis were spiked with 100 ml 0.18 mg ml -1 succinic d 4 acid as the internal standard and the peak areas were normalized against that standard. Steady-state exometabolic concentrations of glucose, ethanol, ammonium, acetate, acetaldehyde and succinate were determined enzymatically using Boehringer-Mannheim kits and used as extracellular metabolic constraints in flux balance analysis. The metabolome data are provided in ESI 4. † The optimum distributions of the fluxes under different genetic and environmental conditions were determined by linear optimization with the suitable biological objective functions using the metabolic model iFF708 and Yeast 5. 50, 51 The optimized fluxes were determined through the maximization of the oxygen uptake or ethanol production and the predicted transport and biomass fluxes were compared to those of experimentally determined values in selecting which objective function to use under the stated conditions. The solution space was constrained by the exometabolite concentrations for each deletant under each nutrient limitation at a fixed dilution rate of 0.1 h À1 at steady state in chemostat cultivations. In instances where many alternative optimal flux distributions were determined, the flux distribution minimizing overall intracellular flux distribution in order to maximize enzymatic efficiency was selected. 52 The simulations were carried out in the MATLAB 6.0 
Conclusions
A systems-based investigation of the roles of QDR3 and PDR3; drug-resistance genes from two different families -QDR3 from the multidrug resistance family and PDR3, which regulates the expression of genes encoding members of the pleiotropic drug resistance family -was carried out through the integration of genome-wide transcriptional and metabolomic changes and the predicted metabolic fluxes for the homozygous deletion mutants grown in aerated continuous fermentations under glucose or ammonium limitation. The nutrient limitation in the environment was the dominant parameter in determining the hierarchical organization of the transcriptome and metabolome in response to the genetic perturbations. The cellular response at both the transcriptomic and endo-metabolomic levels was similar, whereas a slight difference was observed in the hierarchical organization of the exo-metabolome under glucose limitation. Although both a genetic perturbation and a nutrient limitation were imposed simultaneously, the gene expression levels of some stress-related transcription factors indicated that the cells did not perceive any stress. The present findings indicated that these drug-sensitive mutants re-organised their metabolism under glucose or ammonium limitation and the intracellular accumulation of metabolites was used as an alternative defence mechanism in the possible event of being exposed to a toxic compound in their environment. In this particular case, the yeast cells used the accumulation of intracellular glucose and glycerol as a pre-adaptive and defensive response to the loss of the drug resistance genes PDR3 or QDR3, when grown under glucose or ammonium limitation and of inorganic phosphate as an ion pool to assist the balance between the two accumulated metabolites.
The ability of yeast cells to anticipate the changes that might take place in their environment was previously studied in a model of the wine fermentation process and it was suggested that the yeast cells were able to cope with the stresses to which they were exposed in their natural order better than the artificial case in which the order was reversed. 53 The results of the present study may suggest a similar mechanism. The yeast cells lacking functionality in their drug/toxin resistance metabolism were observed to accumulate glucose and glycerol intracellularly and use inorganic phosphate ion pools to equilibrate the charge potential between the two metabolites. This would then be considered as a priming period for an anticipated subsequent stress of being exposed to toxic compounds. Thus, this may be considered a defence mechanism that yeast has developed to cope with a reduced ability to detoxify its cytoplasm.
